Context: Monogenic diabetes is thought to account for 2% of all diabetes cases, but most patients receive misdiagnoses of type 1 or type 2 diabetes. To date, little is known about the histopathological features of pancreata from patients with monogenic diabetes.
of life), maturity-onset diabetes of the young (MODY; typically non2insulin-requiring diabetes usually diagnosed in nonobese adolescents or young adults), and syndromic forms of diabetes that include other clinical features (3) . More than 20 genes are associated with monogenic diabetes, with the majority encoding proteins that play a critical role in pancreatic b-cell development and/or function (4) .
Our current understanding of the pathogenesis is primarily derived from the function of the gene involved, as animal models of most forms of monogenic diabetes fail to recapitulate the human phenotype. Few data are available on the effect of mutations in monogenic diabetes genes on human pancreatic islet histology [i.e., other than for ABCC8 (5) and KCNJ11 (6)]. Studies characterizing pancreatic histopathological features including pancreas size, islet morphology, and insulin mass in conjunction with age at diagnosis, patient age, and diabetes duration would provide important clues about the mechanism(s) by which specific gene variants cause loss of functional b-cell mass and subsequent diabetes.
The JDRF Network for Pancreatic Organ Donors with Diabetes (nPOD) program was established to recover pancreata and related organs from patients with diabetes (e.g., type 1 diabetes, type 2 diabetes, gestational diabetes, and cystic fibrosis2related diabetes) for matching with those of donors without diabetes to facilitate studies of the pathogenic mechanisms of b-cell dysfunction and loss in the disease (7) . Studies of the histopathology of pancreata from patients with type 1 diabetes have been well described and show a classic marked loss of insulin mass with variable numbers of residual b cells regardless of diabetes duration and age of onset (8, 9) . In a recent study of nPOD donors with type 1 diabetes, islet inflammation (insulitis) was observed in less than 10% of examined islets of cases with residual b cells present, with the numbers of islets with insulitis (frequency) inversely related to diabetes duration irrespective of age at onset (8) . Marked regional heterogeneity in islet b-cell loss was observed and is well known (8, 10) .
The pancreatic histopathology of type 2 diabetes is also well described and generally shows minimal changes in insulin mass, a relative decrease in numbers of b cells to a cells, and variable degrees of islet amyloidosis (1% to 80%) (11) . Islet amyloidosis is also reported in older patients without a history of diabetes (12) .
Although the nPOD biorepository was established primarily for recovery of organ donors during the preclinical and clinical phases of type 1 diabetes, we hypothesized that it would include cases with monogenic diabetes at a frequency similar to that reported in the literature or higher on the basis of frequent clinical misdiagnosis (1, 13) . In such cases, molecular genetic testing could provide a more definitive clinical diagnosis and thus facilitate classification of pancreatic islet morphology in monogenic diabetes compared with type 1 and type 2 diabetes. Here we describe four cases involving putative causal variants in KCNJ11, HNF1A, GATA6, and LMNA and their pancreas histopathology.
Cases and Methods

Pancreas recovery
All procedures for pancreas recovery were previously published, and standard procedures are available online (7, 14) (jdrfnpod.org). Clinical diagnosis was determined by pediatric endocrinologists (D.S. and L.J.) using data obtained from the admission chart, donor questionnaire, and laboratory test data [glycated hemoglobin (HbA1c) value, C-peptide levels, high resolution human leukocyte antigen (HLA) genotyping for type 1 diabetes alleles] according to American Diabetes Association guidelines (15) . Islet autoantibody screening was done using enzyme-linked immunosorbent assay and confirmed via radioimmunoassay (glutamic acid decarboxylase autoantibodies, insulin autoantibodies, insulinoma-associated-2 autoantibodies, and zinc transporter 8 autoantibodies) (14) . In most cases, the terminal hospitalization chart was available; however, records from initial diagnosis of diabetes and longitudinal data were not available. All procedures were conducted in accordance with federal organ donation guidelines and the University of Florida Institutional Review Board.
Pancreas histopathology
Pancreata were processed, and the relative pancreas weight (RPW) was calculated from the ratio of whole pancreas weight (g) to donor body weight (kg) (16) . Formalin-fixed paraffin blocks and fresh frozen blocks were sectioned from pancreas regions (head, body, tail) according to standard operating procedures (7) . Serial paraffin sections were stained by hematoxylin and eosin and immunolocalization to identify b cells (insulin), a cells (glucagon), CK19 (duct cells), CD3 + T cells, HLA-ABC, and cell replication determined by Ki67 staining (Supplemental Table 1 ). Proportions of insulin area (%), insulin mass (mg), and Ki67 + total cells (%) or Ki67 + b cells (%) were calculated using an image analysis colocalization program (Aperio; Leica, Buffalo Grove, IL) as previously described (8) .
Case selection
A retrospective study of 318 nPOD case histories was conducted for all cases recovered as of April 2015. Donors were excluded for genetic testing when they had no diabetes, cystic fibrosis2related diabetes, gestational diabetes, or a body mass index (BMI) .35 kg/m 2 . From the remaining 140 donors, we selected cases for targeted sequencing when they fulfilled one of the following criteria: (1) neonatal diabetes diagnosed at ,1 year of age irrespective of autoantibody status, (2) diabetes diagnosed at ,35 years of age without islet autoantibodies, or (3) insulin-dependent diabetes with C-peptide level above the minimum threshold (.0.05 ng/mL) and diabetes duration .5 years. The US organ donation system precludes sample collection from family members; thus, no additional family information was available.
DNA isolation, next-generation sequencing, and variant interpretation DNA from snap-frozen spleen or pancreas tissue was isolated using the Gentra Puregene Tissue Kit (Qiagen, Valencia, CA). DNA samples were sequenced using a custom-designed next-generation sequencing (NGS) panel that included 140 genes implicated in monogenic diabetes (neonatal diabetes and MODY), insulin resistance, lipodystrophy, obesity, rare syndromic forms of diabetes, and diabetes candidate genes (17) . All variants were interpreted according to the guidelines of the American College of Medical Genetics and Genomics (18) . Variants were classified as most likely pathogenic when they were scored as "probably damaging" by two variant interpretation software programs (PolyPhen and SIFT), were not present in ExAc (http://exac.broadinstitute.org) or were extremely rare (allele frequency ,0.01%), and/or when they were previously reported in the literature as causal (19) . All likely pathogenic variants identified by NGS were confirmed by Sanger sequencing.
Results
Cases
Forty-one of the 140 cases met the clinical and sample inclusion criteria for genetic testing. Three samples from patients whose pancreata were obtained at autopsy rather than by organ donation were excluded because of inadequate DNA quality. Of the 38 samples sequenced, 25 (66%) were negative for putative pathophysiological variants in the panel of 140 genes. Four cases (11%) had likely pathogenic sequence changes in KCNJ11, HNF1A, GATA6, and LMNA (Tables 1 and 2) , and two cases (5%) had sequence changes in GLIS3 and INSR that could have affected the clinical phenotype. Seven other cases (18%) had eight variants that were carefully reviewed and considered to be of unlikely significance: common in the public databases (BBS5, CEL, BLK), present in genes associated with recessive syndromes or hyperinsulinism (MNX1, BBS2, BBS5, UCP2), and reported or predicted to be benign (BLK, HNF4A, AKT2) (Supplemental Tables 2 and 3 ).
KCNJ11 nPOD case 6033
This donor was a 40-year-old Caucasian male with a 28-year history of insulin-dependent diabetes who also had hypertension, peripheral vascular disease, diabetic retinopathy, diabetic nephropathy, and a prior myocardial infarction. C-peptide levels were below the lower limit of detection ( Table 1 ). The initial clinical diagnosis was type 1 diabetes. NGS analysis of the monogenic diabetes gene panel identified a rare heterozygous sequence change in KCNJ11 (p.Val290Met) that was previously reported in two families with congenital hyperinsulinism (20) . The pancreas weight was decreased with an RPW of 0.49, similar to the RPW of donors with type 1 diabetes (0.55 6 0.17) ( Table 2) Table 2 ]. The tail region was further assessed for insulin + islets using single insulin immunohistochemistry, and four of five blocks (80%) showed lobules with small-to medium-sized insulin + islets and rare single b cells [ Fig All donors were treated with insulin and were autoantibody negative (microinsulin autoantibody excluded because of history of insulin use).
Abbreviations: AA, amino acid; dbSNP, database of single nucleotide polymorphisms; DR, antigen D-related; dx, diagnosis; MAF, minor allele frequency; N/A, not available; NCBI, National Center for Biotechnology Information; PD, probably damaging. a MAF from ExAC was calculated using allele count/allele number.
Insulitis was not observed. Additional histopathological findings included moderate acinar atrophy and acinar and periductular fibrosis with moderate interlobular fat [Supplemental Fig. 1(c) ]. Additional immunohistochemistry studies showed a generalized increase in macrophages (CD68 + ) and CD8 + T lymphocytes in exocrine regions. Rare periductal CD3 + infiltrates were also observed.
Multifocal mild squamous metaplasia was observed in several intralobular pancreatic ducts. Mild arteriosclerosis was observed in small vessels in several regions.
HNF1A nPOD case 6176
This case involved a 45-year-old Hispanic male with a 20-year duration of diabetes that was initially treated with oral antihyperglycemic agents followed by insulin injections twice a day for the last 2 years. He also had a history of hypertension, acute renal failure, and drug abuse and presented with diabetic ketoacidosis. His HbA1c level was elevated at 8.3%, and his BMI was slightly high (25.3 kg/m 2 ) ( Table 1) . Clinical diagnosis was type 2 diabetes. NGS gene panel analysis identified a rare heterozygous sequence change in HNF1A (p.Thr10Met) that was previously reported in two families with MODY3 (21, 22) . Pancreas weight and RPW were low, as for donors with type 1 diabetes (16) ( Table 2 ). Histological analysis of 13 pancreas blocks and insulin immunohistochemistry from six blocks showed small insulin + islets without insulin-negative islets (Fig. 2) . b-Cell numbers per islet were qualitatively reduced, with weak insulin-staining intensity and variable nuclear sizes [ Fig. 2(a), 2(c), and 2(e) ]. Insulitis and Ki67
+ b cells were not observed. Insulin area and insulin mass were markedly reduced ( Table 2) . Exocrine atrophy with inter-and intraductal fibrosis was also observed with an intraductal papillary mucinous neoplasm (1.6 mm).
GATA6 nPOD case 6320
This case represented a 19-year-old Caucasian female with a 3-year history of insulin-dependent diabetes treated with an insulin pump. She also had a history of hypertension, hypercholesterolemia, hypothyroidism, and congenital heart disease (truncus arteriosus type 4A, interrupted aortic arch, truncal valve regurgitation, ventricular septal defect, and multiple corrective surgeries). She had a family history of type 2 diabetes. She had a low but detectable C-peptide level and a high HbA1c value (Table 1) . Because criteria for either type 1 or type 2 diabetes were not fulfilled, the clinical diagnosis was assigned to the category of "Other diabetes." An NGS gene panel analysis identified a heterozygous sequence change in GATA6 (p.Arg456Cys) that was previously described in two patients with neonatal diabetes, pancreatic agenesis, and heart defects (tetralogy of Fallot and truncus arteriosus/perimembranous ventricular septal defect, respectively) (23) .
During the pancreas organ recovery, the surgeon noted severe pancreatic atrophy. The sample received, which was attached to the duodenum, weighed 21.3 g. The RPW and insulin mass were not calculated because of questions regarding whole pancreas weight. Histological and insulin analysis from six blocks showed numerous and variably sized islets with all islets containing b cells [ Fig. 3(a2h) ]. Scattered small pancreatic polypeptidepositive islets were observed in the ventral lobe. The e Paraffin section with insulin + islets was analyzed for total number of islets and number of insulin + islets with proportion of insulin + islets (%) and islet density (total number of islets/mm 2 section area).
insulin area was within normal limits (Table 2) . Several islets also showed severe amyloidosis [Supplemental (Table 2) ]. The classic definition of insulitis was not used because insulin-negative (pseudoatrophic) islets were not present (24) . Additional findings included endocrine cells within ducts [Supplemental Fig. 2(c2f) ] and moderate intralobular and interlobular fatty infiltration [Supplemental Fig. 2(a) ].
LMNA nPOD case 6166
This case involved a 26-year-old African American female with a 15-year history of insulin-dependent diabetes who also experienced asthma, hypertension, cardiomyopathy, and congestive heart failure ( Table 1 ). Her C-peptide level was within normal limits (Table 1) . Clinical criteria for classification as type 1 or type 2 diabetes were not fulfilled; hence, she was assigned "Other diabetes" for donor type. An NGS gene panel analysis identified a heterozygous sequence change in LMNA (p.Asp300Asn), which was reported in two patients with generalized lipoatrophy and severe coronary and peripheral artery disease (25) . Pancreas weight and RPW were within the range for control donors and donors with type 2 diabetes ( Fig. 4(a2f) ; Table 2 ]. However, islet architecture was slightly abnormal, with some islets having distorted angular shapes rather than a typical spherical morphology [ Fig. 4 (e) and 4(f)]. Colocalization of insulin and glucagon staining was observed in these irregularly shaped islets (Supplemental Fig. 3 ). Mild fatty infiltrates were observed in exocrine lobules, and moderate arteriopathy was also present.
Other gene variants of possible clinical significance
NGS analyses of two nPOD donors identified variants that may have had an effect on clinical phenotype (Tables 1  and 2 ). nPOD 6243 had a rare heterozygous GLIS3 (p.His621Gln) variant that is predicted to be damaging. nPOD 6264 had a type 2 diabetes2associated variant in INSR (p.Val1012Met-rs1799816) that is also predicted to be damaging (26) . Both donors were included in a previous analysis of insulin mass and insulitis frequency and are briefly described next for this report (8) .
nPOD 6243 was a 13-year-old Caucasian male with a clinical diagnosis of type 1 diabetes of 5 years' duration (Table 1) . Islet autoantibodies were negative, C-peptide was positive (0.42 ng/mL), and HLA genotyping was consistent with a high-risk haplotype for type 1 diabetes. The pancreas weight was 29.4 g with a low RPW of 0.51 (Table 2) . Insulin + islets were frequent, with lobular heterogeneity, and included islets with insulitis and high HLA-ABC expression [Supplemental Fig. 4(a2c) ]. Insulin area and insulin mass were 0.50% and 147.46 mg, respectively, and insulitis frequency was 7.8% as previously reported (8) ( Table 2) .
nPOD 6264 was a 12-year-old Caucasian female with a clinical diagnosis of type 1 diabetes (duration, 9 years) ( Table 1) . Islet autoantibodies were negative, C-peptide level was undetectable, and HLA genotyping also conferred a high risk for type 1 diabetes. The pancreas weight was 20.4 g, and she had a low RPW of 0.60 (Table 2) . Insulin + and insulin-negative islets were observed with a low insulitis frequency (0.3%) as previously reported (8) [ Supplemental  Fig. 4(d) and 4(e) ]. Insulin + islets were infrequent in 6264 compared with 6243, as reflected in extremely low insulin area (0.06%) and insulin mass (12.7 mg) ( Table 2 ).
Discussion
We describe islet histopathology and architecture in addition to clinical features in organ donors with monogenic diabetes gene variants. We identified mutations in four genes (i.e., KCNJ11, HNF1A, GATA6, and LMNA) that are predicted to negatively influence b-cell function and survival.
The KCNJ11 mutation in nPOD 6033 is an inactivating mutation that was previously reported to reduce K ATP channel activity in b cells and lead to insulin hypersecretion (20) . One proband carried the p.Val290Met in the homozygous state, whereas the other proband was heterozygous and was presumed to have had hyperinsulinism due to somatic loss of the maternal allele in the pancreas (20) . Two heterozygous carriers exhibited abnormally enhanced glucose tolerance but did not have overt hyperinsulinism or diabetes. Heterozygous loss-offunction mutations that result in a partial decrease in K ATP channel activity have been associated with diabetes later in life, presumably because of years of insulin oversecretion leading to b-cell "burnout" (27) . The pancreas in this donor showed substantially reduced insulin mass and pancreas exocrine atrophy reflected by the low RPW, mirroring several features of long-standing type 1 diabetes. We suggest that this pancreas is an example of the effect of a loss-of-function mutation in KCNJ11 on b cells and was a major contributor to the development of diabetes in this subject as a result of insufficient b-cell mass.
Mutations in HNF1A cause MODY3; patients with this condition exhibit decreased glucose-stimulated insulin secretion even before the onset of diabetes (28) . To the best of our knowledge, pancreatic histopathology has not been reported in patients with HNF1A-MODY, such as nPOD 6176. His clinical diagnosis was assigned as type 2 diabetes; however, markedly reduced insulin mass and low pancreas weight are more compatible with histopathological features of type 1 diabetes donors. Nevertheless, because all islets contained residual b cells, his histopathological diagnosis is consistent with HNF1A-MODY.
GATA6 mutations were first identified as a cause of congenital heart defects and subsequently as a cause of permanent neonatal diabetes with pancreatic agenesis in association with heart defects (23). nPOD 6320 had a GATA6 mutation (p.Arg456Cys) and multiple congenital heart defects, which are present in the majority of previously described cases with pathologic GATA6 mutations. However, most GATA6 mutation reports described patients with neonatal diabetes, whereas nPOD 6320's diagnosis of diabetes at 16 years of age is clearly atypical (29, 30) . The pancreas obtained by the surgeon (consistent with the pancreas head) was very small, though the insulin area (%) of this atrophic sample was within the normal range. Studies of other monogenic causes of pancreatic agenesis suggest that some patients have a pancreatic remnant that often includes only the head (31) . Multiple islets with amyloidosis were observed, which is compatible with a histopathological diagnosis of type 2 diabetes. Although animal models of Gata6 do not recapitulate the human phenotype, pancreatic Gata6 null mice have fatty infiltration similar to that of the current case (32) . The residual b cells in our case were apparently capable of sufficient function until adolescence, which is a common age for diagnosis of many forms of monogenic diabetes involving reduced b-cell function. This case suggests that genetic testing should be considered in any young patient who has a congenital heart defect and is diagnosed as having diabetes.
Laminopathies have been associated with a wide range of heritable metabolic disorders including lipodystrophy, cardiomyopathy, muscular dystrophies, diabetes, and progeria (33) . nPOD 6166, who had an LMNA mutation, was diagnosed as having diabetes at the young age of 11 years; however, at her death 26 years later, she still had a detectable C-peptide level and normal RPW, insulin area, and insulin mass. Her severe hypertension, cardiomyopathy, and congestive heart failure are characteristic features of patients with LMNA mutations (34).
There were no clinical data regarding the presence of insulin resistance in this patient, but her medical history did indicate that she was insulin dependent. However, a normal BMI despite fatty infiltrates within the pancreas could be consistent with a lipodystrophy-like syndrome. We posit that the LMNA mutation was the primary contributor to the development of insulin resistance and clinical manifestation of diabetes because there was no evidence of loss of insulin mass, which would be expected in a donor with long-standing type 1 diabetes.
Two patients with variants of possible significance demonstrated clinical and histological features of early type 1 diabetes: GLIS3 with frequent insulin-positive islets and insulitis and INSR with lower insulin mass and insulitis frequency based on diabetes duration (5 and 9 years, respectively). GLIS3 plays a critical role in normal b-cell function and insulin gene expression (35) . Mutations in GLIS3 can cause a recessive form of neonatal diabetes and congenital hypothyroidism (36); however, there are no reports of dominant GLIS3 mutations. Interestingly, GLIS3 has been associated with increased risk for both type 1 and type 2 diabetes (37). The clinical importance of the INSR Met-1012 substitution at present is uncertain because it has been reported in people with non2insulin-dependent diabetes and healthy controls (38) . However, one large population study found that the Met-1012 variant was significantly associated with type 2 diabetes and may represent a risk factor for developing diabetes (26) . These two and the other seven variants detected in genes related to insulin action or secretion may have predisposed these patients to abnormal b-cell development or b-cell failure, increasing the risk of diabetes.
Making a correct clinical diagnosis of diabetes type is the keystone to proper treatment, yet monogenic diabetes can be confirmed only by genetic testing (3, 39) . Histological analysis can enhance our understanding of these various forms of diabetes but is not clinically feasible or necessary. Our ability to predict monogenic diabetes solely on the basis of phenotypic presentation is limited, and individuals with a genetic diagnosis of MODY often do not fit all the classic criteria (2, 40) . Mutations in genes causing neonatal diabetes may be diagnosed with diabetes well after 6 months of age (41) . Similarly, organ donors with diabetes can present with complicated clinical and histopathological findings.
Our study suggests that wider use of comprehensive genetic testing, such as our NGS panel, both in routine clinical use and among archival collections of diabetes cases would most likely reveal genetic variants and allow for better characterization of the genetic basis of diabetes and differential histopathological spectrum of human diabetes. Further studies will shape our understanding of how b cells, islets, and the surrounding exocrine pancreas interact and lead to diabetes. They will also improve understanding of the heterogeneous nature of diabetes and the role that genes play in b-cell survival or destruction by immune cells, whether through autosomal dominant mutations seen in monogenic diabetes or the effects of single or multiple genes in type 1 diabetes, type 2 diabetes, or other forms of diabetes.
